Asian and is a vector for arbovirus diseases. Studies examining the population genetics structure of A. albopictus have been conducted worldwide; however, there are no documented reports on the population genetic structure of A. albopictus in Malaysia, particularly in Penang. We examined the population genetics of A. albopictus based on a 445-base pair segment of the mitochondrial DNA cytochrome oxidase 1 gene among 77 individuals from 9 localities representing 4 regions (Seberang Perai Utara, Seberang Perai Tengah, Northeast, and Southwest) of Penang. A total of 37 haplotypes were detected, including 28 unique haplotypes. The other 9 haplotypes were shared among various populations. These shared haplotypes reflect the weak population genetic structure of A. albopictus. The phylogenetic tree showed a low bootstrap value with no genetic structure, which was supported by minimum spanning network analysis. Analysis of mismatch distribution showed poor fit of equilibrium distribution. The genetic distance showed low genetic variation, while pairwise F ST values showed no significant difference between all regions in Penang except for some localities. High haplotype diversity and low nucleotide diversity was observed for cytochrome oxidase 1 mtDNA. We conclude that there is no population genetic structure of A. albopictus mosquitoes in the Penang area.
INTRODUCTION
Dengue is an emerging infectious disease affecting more than 50 million individuals each year in tropical and subtropical areas (Rezza, 2012) ; the number of cases has increased since the initial outbreak in 1989 (Herrera et al., 2006) . Some scientists speculated that dengue virus originated in Africa (Ehrenkranz et al., 1971) , while others proposed that the virus evolved from a jungle cycle involving lower primates and canopy-dwelling mosquitoes in the Malay peninsula (Smith, 1956) . Southeast Asia recorded the highest dengue outbreak worldwide, and cycles of the epidemics have affected the region since 1950s (Shepard et al., 2013) . The control of dengue vectors has mainly been achieved through source reduction such as eliminating containers that are favorable sites for oviposition and development of aquatic stages. This can be accomplished by fitting lids on containers or by killing the insects during aquatic stages using insecticides (World Health Organization, 2012) . In hot-spot or epidemic areas, insecticide space-spraying is recommended; however, its efficacy in other situations has not been well-documented (Esu et al., 2010) . Indoor space-spraying is highly labor-intensive and impractical in the event of an outbreak in most locations. The World Health Organization published a manual regarding the global strategy for dengue prevention and control in 2012. Strategies include the implementation of timely, appropriate clinical management, which involves early clinical and laboratory diagnosis, intravenous rehydration, staff training, and hospital reorganization, and integrated surveillance.
Malaysia reported 35,533 dengue cases that resulted in 107 deaths by September 2010 (Aida et al., 2011) . Penang reported 268 cases of dengue fever through May 26. 2013, 98 fewer cases compared to year 2012 (Ministry of Health Malaysia, 2013) . In addition to Aedes aegypti, A. albopictus is an important vector of dengue virus (Nelder et al., 2010) . This mosquito is native to Asia and is also known as the Asian tiger mosquito (Usmani-Brown et al., 2009) . Aedes albopictus is a daytime-biting mosquito that transmits a variety of viruses through a female bite (Aida et al., 2011) . This species can breed in artificial container habitats such as tires, buckets, vases, and ornamental ponds, resulting in its rapid and successful widespread distribution (Novak, 1992; Birungi and Munstermann, 2002) . A. albopictus was found in the Americas in 1985 and is currently present in 8 American countries (Pinheiro and Nelson, 1997) . In China, Peng et al. (2012) reported the re-emergence of dengue in a city in southern China 2 decades after a traveler from Southeast Asia introduced A. albopictus. Thus, examining the population genetic structure is important for understanding the evolution of this species (Hewitt, 1983) , which may lead to novel methods of controlling disease transmission (Ayres et al., 2003) .
Population genetics studies of A. albopictus have been carried out worldwide as the species continues to spread and displace A. aegypti in some areas (Gratz, 2004) . Currently, mosquito populations are being investigated at the molecular and behavioral levels using multi-markers (Ravel et al., 2002; Ayres et al., 2003; Herrera et al., 2006) to understand the epidemiology of disease transmission and to develop innovative strategies for controlling the vector (Bresford and Dobson, 2012) . Different genetic markers have also been used to study the population genetic structure of A. albopictus, such as microsatellite loci (Kamgang et al., 2011) and mitochondrial DNA regions, including NAD dehydrogenase subunit 5 (Birungi and Munstermann, 2002; Usmani-Brown et al., 2009; Kamgang et al., 2011) and cytochrome oxidase subunit 1 (COI) (Kamgang et al., 2011) . Mitochondrial DNA (mtDNA) is sensitive to genetic drift, resulting in greater genetic differentiation; it may also be used as a populationspecific marker (Birungi and Munstermann, 2002) . Additionally, mitochondrial DNA is maternally inherited and thus genetic relationships among individuals can be determined using recombinant individuals (Lansman et al., 1981) .
Previous studies examining the population genetics structure of A. albopictus in Cameroon revealed moderate genetic diversity and revealed that the genetic structure of natural populations suggests that multiple introductions occurred in tropical regions (Kamgang et al., 2011) . Similarly, polymorphisms in the COI gene have been reported by Shaikevich and Talbalaghi (2013) , who proposed that A. albopictus originated from multiple ancestor populations. However, there have been no documented studies on the population genetic structure of A. albopictus in Malaysia, particularly in Penang, which is located in the northern region of Peninsular Malaysia.
The aim of this study was to investigate the population genetic structure of A. albopictus in different regions of Penang, Malaysia using a COI mitochondrial DNA marker. The population structure is relevant to evolution of A. albopictus and understanding the migration of this mosquito is useful for controlling the spread of the dengue vector in Malaysia.
MATERIAL AND METHODS

Larvae collection
Mosquitoes were collected as larvae (fourth instar) from 4 regions of Penang, which include Seberang Perai Utara (Bagan Dalam, Kepala Batas), Seberang Perai Tengah (Padang Lalang), Northeast Penang (Universiti Sains Malaysia, Taman Tun Sardon, Tingkat Sungai Gelugor, Teluk Awak), and Southwest part Penang (Permatang Damar Laut, Balik Pulau) (Figure 1, Table S1 ). The latitude and longitude where each sample collected was recorded and is listed in Table S1 . The sample ID, haplotype, and accession numbers are listed in Table S2 . Larvae were collected using ovitrap and empty cans from June 2012 to January 2013, where they were left for a week before collection. The larvae were preserved in 70% ethanol and stored at -20°C until DNA extraction.
DNA extraction and species identification
Genomic DNA was extracted from individual larvae specimens using the salt extraction method, resuspended in 100 mL Tris-EDTA buffer, and stored at -20°C. DNA purity was determined based on the A 260 /A 280 ratio ranging from 1.8 to 2.0 for all samples (Aljanabi and Martinez, 1997). Larvae of A. albopictus and A. aegypti were differentiated based morphological characteristics, including differences in the head and abdomen (siphon, setae, and comb scales) (Chung, 1997) . However, we did not identify the species based on taxonomy as the larvae were very small and the body parts may have disassociated when preserved in alcohol. Because of the difficulty in distinguishing the mosquito morphology, polymerase chain reaction (PCR) was used to determine species' identity. 
Mitochondrial gene amplification
PCR was used to amplify the target region of the COI gene in the mtDNA genome of A. albopictus. The 445-base pair (bp) region of the COI gene was amplified using the primer pair designed by Bonacum et al. (2001) : C1-J-1718-5'-GGAGGATTTGGAAATTGATTAGT TC-3' and C1-N-2191-5'-CCCGGTAAAATTAAAATATAAACTTC-3'. PCR amplification was carried out in a Bio-Rad (Hercules, CA, USA) thermal cycler. The reaction mixture contained 2.25 mL 10X buffer, 0.5 dNTP mixture (2.5 mM/mL), 0.1 mL 5 U i-Taq plus DNA polymerase (Intron, Gyeonggi-do, Korea), 3.0 mL MgCl 2 (25 mM/mL), 1.0 mL of each primer, 1.0 mL DNA template, and ultra-pure water to a final volume of 20 mL. Negative controls (all reagents except template) were included in the reactions. The thermal regime consisted of initial denaturation for 2 min at 95°C, followed by 35 cycles at 94°C for 45 s, 46°C for 45 s, 72°C for 1 min, and final incubation at 72°C for 10 min. The amplified products were visualized by electrophoresis in a 2% agarose gel and stained with ethidium bromide.
Purification and sequencing
The samples were purified following the PCR Purification protocol from Genomics Bioscience and Technology (Taiwan). First, 25 mL purified PCR products with single clear bands on 2% electrophoresed agarose gels were selected for automated DNA sequencing and sequenced by Genomics Bioscience and Technology. Products were electrophoresed on an ABI3730xl Genetic Analyzer (Applied Biosystems, Foster City, CA, USA) following standard protocols.
Sequence analysis
The program MEGA version 5.1 (Tamura et al., 2011 ) was used to visualize and align all sequences. Sequences were aligned using ClustalW (Thompson et al., 1994) , and alignments were subsequently revised manually to maximize the positional homology.
Geographical distribution of genetic diversity
The number of unique haplotypes, haplotype diversity (h), and nucleotide diversity (p) within populations and sampling regions were analyzed using DnaSP version 5.10.1 (Librado and Rozas, 2009). To measure the extent of genetic structuring among samples, we performed analysis of molecular variance (AMOVA) (Excoffier et al., 1992) using 1000 permutations implemented in the ARLEQUIN version 3.5 software (Excoffier and Lischer, 2010) . Analysis was performed within populations and among populations within each region. Using the haplotypic frequencies, F ST values were computed by permutation tests from 1000 random permutations of haplotypes between populations. Significant levels of pairwise F ST were obtained under the null hypothesis of no differentiation between populations. Genetic distance was also computed to determine the genetic variance between population using MEGA version 5.1 (Tamura et al., 2011) . We also tested for a signature of historical demographic expansion by calculating Tajima's D and Fu's F S statistics using ARLEQUIN version 3.5 (Excoffier and Lischer, 2010) ; 1000 simulations used to evaluate the significance level. Negative values of these statistics indicated excess rare alleles in the genealogy, indicating either population expansion or genetic hitchhiking (in response to selection). We also performed mismatch distribution analysis using the DnaSP version 5.10.1 software (Librado and Rozas, 2009 ) to identify patterns in nucleotide site differences between haplotype pairs.
Phylogenetic analysis
Phylogenetic relationships among haplotypes were reconstructed using the neighborjoining (Saitou and Nei, 1987) method implemented in MEGA version 5.1 (Tamura et al., 2011) . The reliability of branches was estimated using non-parametric bootstrap re-sampling procedure with 1000 replicates. The tree was rooted using Aedes aegypti (GenBank accession No. HE820718.1) as an outgroup.
The relationships among haplotypes were also established by creating a minimum spanning tree using Network version 4.6.1.1 (fluxus-engineering.com), connecting all haplotype as nodes in a network connected by the least number of substitutions. Data for the minimum spanning tree was computed in the ARLEQUIN version 3.5 program (Excoffier and Lischer, 2010) as a matrix of pairwise substitutions between all putative haplotypes. In addition to providing a schematic representation of haplotype relationships, the network allowed inferences of the coalescent history among haplotypes relative to their common ancestry.
RESULTS
Sampling data
A total of 81 A. albopictus individuals were captured in 9 different localities, representing 4 regions in Penang. Of these, 53 samples from the island (Penang) were successfully genotyped (Northeast, N = 40; Southwest, N = 13). For the main island, 24 samples were genotyped successfully (Bagan Dalam, N = 7; Kepala Batas, N = 9; Padang Lalang, N = 8) ( Table S1 ).
Sequence analysis
Overall, 77 partial sequences (for GenBank accession numbers, see Table S2 ) of a 445-bp segment of the mtDNA COI gene were obtained, representing 9 populations of A. albopictus. All showed 99% similarity with A. albopictus sequences obtained from GenBank. There were no insertions, deletions, or stop codons present in the sequences obtained. A total of 37 haplotypes were discovered in the nucleotide dataset (Table 1) . Of these, 28 were unique, while the other 9 haplotypes were shared among 2 or more populations. Twenty-six variable sites were identified, and 15 were parsimonious informative; 31 mutations were detected in the total sequences. 
mtDNA diversity
A pattern of low nucleotide diversity and high haplotype diversity were characterized for COI mtDNA in our datasets (Table 2) . Overall, nucleotide diversity per site (p) was the highest in Taman 
Population structure
Geographical analysis of variation in COI haplotype frequencies was conducted using AMOVA (Table 3) . Most variation in the regions (>65%) was observed mosquitoes within populations, while less than 35% was observed among populations. Pairwise F ST values ( Table 3 . Analysis of molecular variance (AMOVA) among Aedes albopictus collected from Penang.
Phylogenetic analysis
A neighbor-joining tree (Figure 3) showed only 1 clade of Penang samples with low bootstrap support. All 37 haplotypes were clearly distinguished from the outgroup Aedes aegypti. The network of COI sequences for A. albopictus showed genealogical relationships among 37 haplotypes based on the least number of substitutions. The minimum spanning network showed a star-like pattern, with most haplotypes connected by very few mutation steps (Figure 4 ). There was 1 dominant haplotype (haplotype 1) observed, from which related sequences were separated by 1 mutational step minimally. This indicated a mixture of haplotypes from Seberang Perai Utara (Kepala Batas and Bagan Dalam), Seberang Perai Tengah (Padang Lalang), and the Northeast (USM and Teluk Awak) region of Penang. 
Genetic structure of Aedes albopictus in Penang
DISCUSSION
This current study revealed extremely low levels of genetic variation within A. albopictus sequences in Penang, Malaysia (Table 2) . Other studies of A. albopictus mitochondrial diversity also showed that native populations of this species harbor very low or no mitochondrial genetic diversity (Poretta et al., 2012) . The pattern observed of genetic variation in populations of A. albopictus may be attributed to severe, repeated, or long periods of population bottlenecks that resulted in genetic variation losses because of random genetic drift (Nei et al., 1975; Birungi and Munstermann, 2002) . In most areas in Penang, extensive and repeated insect control activities have involved source reduction and insecticide application, leading to the reduction and/or eradication of A. albopictus populations (Birungi and Munstermann, 2002; Žitko et al., 2011) . As a result, reduced levels of genetic variation were observed in the current study. Another plausible explanation is that the Penang populations of A. albopictus were established by a small founding population with low mtDNA variability, and the populations successively expanded and established a few founder females in new geographic areas (Birungi and Munstermann, 2002; Žitko et al., 2011) .
We found that A. albopictus populations obtained from Penang are characterized by homogenous population structure based on sequences variation in the COI mtDNA gene. Analysis of the mtDNA sequence data in this study showed that 9 haplotypes were shared by 2 or more populations (Table 1) . For instance, haplotype 1 (H1) was shared among the SPU, SPT, and Northeast regions while H6 was shared among the SPU, SPT, Southwest and Northeast regions. H3 was found in SPU and Northeast Penang, H2 was found in SPU and Northeast Penang, and H8 was found in Southwest and Northeast of Penang. H1 was the most dominant, as it was identified in 5 locations (Bagan Dalam, Kepala Batas, Padang Lalang, USM, and Teluk Awak) ( Table 1 ). The presence of shared haplotypes indicate that extensive gene flow and migration between distant populations occurred on a relatively recent evolutionary time scale (Horne et al., 2008) .
Similarly, tests of population expansion (originally used to test for selective neutrality) indicated qualitative support for population expansion (i.e., negative D and F S ; Table 2 ). This shows that A. albopictus populations in Penang may have experienced population growth in the past, but the expansion may have been restricted to separate local areas, resulting in the non-significant negative Fu's F S and Tajima's D value for most populations studied (Liao et al., 2010) . This result was further corroborated by mismatch distribution analysis, which showed unimodal population differentiation (Figure 2 ), couple with star-like phylogenies of minimum spanning network analysis and a geographically localized distribution (Figure 4 ). These results indicate that A. albopictus populations in Penang have passed through recent demographic expansions. The mechanisms behind this expansion are not fully understood; however, demographic parameters of humans may influence the successful distribution and increasing population size of A. albopictus in Penang. Additionally, A. albopictus showed increase egg hatch, a short aquatic life, increased immature survival, and fecundity under uncontrolled conditions of temperature and humidity, which may contribute to the increased adult population size (Aida et al., 2011) .
Comparison of mtDNA COI sequences among all populations of A. albopictus from all regions in Penang showed limited phylogeographic partitioning of haplotypes, as demonstrated by the absence of genealogical divergence (Figure 3 ) and the significant low values of F ST and D, respectively (Table 4) . This was further supported by AMOVA, which showed that most total mtDNA sequence variation occurred among samples within a population (Table 3) .
These results indicate highly effective migration and gene flow of A. albopictus between regions in Penang. The normal flight ranges of A. albopictus are limited, and these mosquitoes have not been observed to fly in strong winds (Novak, 1992) . However, a recent study by Delatte et al. (2013) reported that the flight ranges of the species might increase when females fail to find a suitable site for oviposition or blood-meals, which is likely assisted by wind. Movement and migration of A. albopictus may also be assisted by human activities, such as through the transport of used and waste tires as well as from the movement of other water-holding containers (Novak, 1992) . Study by Minakawa et al. (2002) found Anopheles gambiae larvae at the bottom of a wooden fishing boat, implying that boats may transport mosquito larvae between islands and main lands (Seberang Perai, also known as Province Wellesley) by an approximately 13.5-km bridge, and the main land A. albopictus larvae may be moved to the island by vehicle transportation. We showed that A. albopictus populations from Penang are characterized by low genetic diversity and homogenous population structure, likely because of recent range expansion through both active (mosquito movement) and passive (dispersal assisted by human activities) modes of dispersal. Further studies including more extensive sampling and different markers (for example, nuclear genes) are needed to confirm this hypothesis.
